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ABSTRACT  
Swimming constitutes one of the most demanding sports regarding technique. Years of training are 
necessary to master each one of the four styles. An important improvement and help for trainers would be 
a swimsuit that could provide information during training. This paper presents the research undertaken to 
develop textile sensors that will be used in a swimsuit. This paper will address ECG and respiratory 
frequency sensors and respective signals. The behaviour of the proposed sensors in different conditions 
(dry and wet environments) will be presented and discussed. The influence of movement on the signal 
quality and further interpretation, both by the muscular electrical signals as well as by the displacement of 
the electrodes, will be addressed. Other very important issue in swimming is drag. One approach that can 
reduce total drag consists in using compression. However, compressed fabrics will most likely modify the 
textile sensors’ response. This problem is also addressed in order to successfully integrate the electrodes in 
the swimsuit  
 
1. INTRODUCTION  
The improvement of performance in sports is closely related with training methodology combined with the 
well-being and health status of the athlete. Trainers make a constant effort to improve the movements and 
training rhythm of the athletes, especially in highly technical, rhythmic and cyclic sports such as swimming 
or athletics, as described, for example, by Clarys et al (1996) and Gonçalves et al (2006). In this project, a 
swimsuit integrating sensors to measure biometric signals during exercise is being developed. The 
environment in which this measurement system will operate poses several specific issues, such as electric 
isolation, data transmission, protection from water, among others. This paper presents an overview of some 
results obtained using the textile electrodes and sensors developed by this team for ECG measurement and 
respiratory activity. The outcomes of this project should in principle be easily used in other sports and 
applications, such as health monitoring in leisure sports, for the elderly, patients with cardiac disease, etc.  
 
2. BACKGROUND  
2.1. ECG Measurement with Textile Electrodes  
Several authors have reported work on measurement of ECG signals using textile or textile-integrated 
electrodes. Xu et al (2008) give a comprehensive overview about the subject. Mühlsteff et al (2004) and Linti 
et al (2006) proposed the use of dry rubber electrodes, either as detachable electrodes made of conductive 
rubber, or printing rubber electrodes on the fabric, deposing silver particles on them to become electrically 
conductive. In other researchs, the electrodes were produced with textile materials, but separately from the 
suit/vest in which they would be integrated by sewing or another joining process (Catrysse et al 2003 and 
2004, Ottenbacher 2004).  
Finally, some researchers such as Hertleer et al (2004) and Coosemans et al (2006) knitted the electrodes into 
the fabric itself, thus achieving a total integration with the textile. Integrated textile electrodes present clear 
advantages in terms of sensor integration and user‘s comfort, when compared to traditional gel electrodes. 
There are, however, two main drawbacks: an increase of the skin-electrode impedance, making measurement 
noisier and producing lower signal amplitudes, and the increase of motion artifacts in signals, since the 
electrodes are not kept in place (Xu 2008). From the electrical point of view, textile electrodes should be 
woven or knitted with metallic wires, which present high electrical conductivity and would result in lower 
skin-electrode impedance. However, besides being somewhat uncomfortable, they are also generally difficult 
to process, since most conductive yarns are quite stiff and . Currently and after years of developments, the 
market offers several conductive yarns with properties very close to normal textile yarns, which can be easily 
processed in standard textile machines. These can roughly be divided in normal textile yarns with conductive 
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materials deposited on their surface (e.g ELITEX®), and staple yarn spun with a blend of normal textile 
fibres and conductive metallic fibres (e.g.: BEKINTEX®).  
 
2.2. Specific factors of ECG measurement in a swimsuit  
The first factor that has to be considered is that swimsuits, especially racing swimsuits, are worn very tight, 
with the fabric compressed against the body. Although this can be considered an advantage, since the contact 
between the electrode and skin is improved, this also means that the electrode will also be stretched, which 
will possibly have a negative influence on the skin-electrode contact. Another obvious aspect is the presence 
of water, which will predictably have two main effects on the ECG measurement:  
• It reduces the skin-electrode resistance, because it wets the electrode resulting in a similar effect as 
an electrolyte gel, which is normally applied on conventional electrodes;  
• When the swimmer is under water, the pool water, acting as electric conductor, will be connected in 
parallel to the input of the amplifier, thus reducing the resulting amplitude of the ECG signal. This means 
that the textile electrodes have at least to be isolated from the outside.  
 
2.3. Measurement of Respiratory Movement  
According to Tarrant et al (1997), ―…there are two main techniques for monitoring respiration: direct 
airflow (oral, nasal, or both oral and nasal airflow being monitored) and some type of measurement related to 
changes in inflation of the lung, often called respiratory effort (focuses on movements of chest and abdomen, 
accessories to respiration)…‖. Several authors have developed work regarding the integration of sensors for 
respiratory movement detection based on the second method. Catrysse et al (2004), for instance, have 
developed a baby pyjama with integrated textile extension sensors that indicate respiratory movement.  This 
kind of textile extension sensors, based on a piezoresistive effect (change of electrical resistance with 
extension) has also been used by other authors, such as Paradiso et al (2005) and Lorussi et al (2004) for 
measurement of respiratory movement and posture sensing by extension. They are based either on textile 
materials knitted from electrically conductive yarns, or by knitted fabrics coated with electrically conductive 
materials such as Carbon Loaded Rubber or Polypyrole which exhibit piezoresistive properties.  
In this work, we have chosen to evaluate the possibility of using knitted extension sensors for the 
measurement. The use of a seamless knitting machine would allow a straightforward production and 
integration of the sensors into the swimsuit. In previous work we have been able to obtain interesting results 
using piezoelectric films integrated into textile accessories (Abreu et al, 2007), but the use of textile 
extension sensors would result in a much higher level of integration.  
 
3. EXPERIMENTAL SET-UP  
3.1. Acquisition Hardware and Software  
The electrodes were connected to signal conditioning hardware based on an instrumentation amplifier, 
followed by a second amplifying stage and anti-aliasing filter. A National Instruments NI-USB 6259 
Multifunction data acquisition board was used to acquire the signals. Sampling frequency was set at 10kHz. 
This is a quite high frequency for ECG signals, but it allows the evaluation of noise and motion/muscular 
signal artefacts present in the signals, normally located at higher frequencies. An application for data 
acquisition and processing was developed in National Instruments LabVIEW. It provides continuous 
acquisition and data streaming to file and a set of configurable digital filtering functions to allow the study of 
the ideal processing conditions. A simple peak detection function was used to detect the R-wave (main peak 
of the ECG signal) with the purpose of computing heart beat rate and arrhythmia. This function is based on 
the computation of the first and second derivatives and the definition of a minimum detection threshold to 
reduce false detections. 
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3.2. ECG measurement  
3.2.1.Textile Electrodes  
The textile electrodes developed are based on a single face knitted fabric, a jersey structure – A structure - , 
and a structure similar to rib – B structure. In a first approach, the electrodes were knitted on a circular 
knitting machine from Bekintex yarn (400 dTex) and bare elastane (78 dTex). They were produced under 
repeatable conditions, with the most important factors involving knitting process, such as the yarn input 
tension and the covering factor, expressed here as loop length, accurately controlled. The second structure – 
B, was produced with the purpose of improving skin-electrode contact. It has a more complex surface 
structure, which was hoped to improve contact, especially when stretched. The first test was the comparison 
of the electrodes produced with commercially available textile electrodes. For this purpose, the electrodes 
were cut in 2x2cm squares and compared with equally sized electrodes cut from fabrics based on silver-
coated yarns, available from Textronics© – C structure, used in this case as a reference. The electrodes were 
placed on the subject‘s body using adhesive tape. This initial evaluation showed that there were no 
significant differences between the signals obtained from the fabric made in the laboratory A, B and the one 
used as reference, C, apart from a slightly higher noise level in structures A and B electrodes that can easily 
be removed by filtering.  
3. 2.2. Experimental Plan  
The experiment serves as a preliminary study of several factors influencing ECG measurement during 
swimming. Its objective was to provide a qualitative overview of the relative influence  
of these intervening factors. It also helped the tuning of the amplifier and the processing  
software.  
The situations under analysis were the following:  
 
• Different structures: Structures A and B;  
• Influence of moisture: Electrode dry, wet and under water;  
• Effect of stretching the electrode: Electrode in relaxed and stretched condition;  
• Effect of muscular contraction in ECG signal;  
• Influence of arm movement.  
The experiment was performed in a laboratorial environment, and it should be noted that no official 
procedure was considered, rather than an internal procedure was followed. The electrodes were always 
placed at the same positions on the subject‘s body. The subject is a 25-year old, 1.80m, 85 kg male. Wet and 
submerged states were produced by submerging the subject in water (submerged state) and after leaving 
water (wet state). The relaxed electrodes were placed on the subject‘s body with adhesive tape. To stretch the 
electrodes, they were sewn onto a tight-fitting knitted fabric tube. This situation is similar to the final one, in 
which the electrode will be embedded in the fabric. Acquisitions were performed with the subject in three 
different situations:  
• Relaxed and breathing normally;  
• In a static state and contracting the pectoral and abdominal muscles;  
• Moving the arms intensely.  
 
3.3. Respiratory Rate Measurement  
3.3.1. Production of the textile sensors and experimental plan  
Previous work in our group had already shown that knitted yarns have limited performance as extension 
sensor (Abreu et al, 2009). In these experiments, the electrical resistance as a function of extension was 
found, in the best case, typically the behaviour shown in Figure 1  
              
 
 304 
 
Figure 1. Typical behaviour of resistance versus extension in a knitted textile sensor.  
Since the graph suggests that the proposed sensor behaves quite well and linearly in a range of extension 
(above 60 mm, in this case), a new experimental plan was devised to test the possibility of using these 
extension sensors by means of applying some pre-tension. A sample tubular knitting machine was used to 
knit samples of jersey fabric using Bekitex® yarn. At both sides of the samples, nonconductive, non-elastic 
fabric was sewn to serve as the physical interface between the dynamometer‘s jaws and the sensor. The 
samples were then electrically connected with two metallic clips, as shown in Figure 2. After this, the 
samples were pre-tensioned and a cyclic extension cycle was executed, with extension amplitudes similar to 
those expected during intensive breathing.  
 
Figure 2. : Setup for test of the textile extension sensors.  
The samples were knitted and tested varying the following parameters: 1-Sample length and width; 2- 
Thickness of the elastane used; 3- Bekitex 50/1 and Bekitex 50/2 yarn; 4 -Extension in the wale or course 
direction. 
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4. RESULTS  
4.1. ECG Measurement  
In the next sections an overview of the most important results is given for dry, wet and submerged states, 
considering relaxed electrode, stretched electrode, muscular and limb activity.  
4.1.1 Relaxed Electrode  
The electrode in relaxed state can be understood as the situation where the knitted fabric is washed and then 
dried at standard atmosphere. The resulting waveforms for the three states  
 
Figure 3. ECG signal picked up with a dry, relaxed electrode and subject relaxed. Figure 4. ECG signal 
picked up with a wet, relaxed electrode and subject relaxed.  
 
 
Figure 5. ECG signal picked up with a submerged, relaxed electrode and subject relaxed.  
The comparison of the performance of the electrodes delivered the expected results. In all cases, clear ECG 
signals with well-defined QRST are picked up. Wetting the electrodes produces a better signal, as expected 
and previously discussed. The amplitude is higher and the signal is less noisy. The submersion of the 
electrodes results in a significant reduction in signal amplitude, as predicted. Nevertheless, the signal is clean 
when the subject is relaxed.  
4.1.2. Stretched Electrode  
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Figure 6. ECG signal picked up with a dry, stretched electrode and subject relaxed. Figure 7. ECG signal 
picked up with a wet, stretched electrode and subject relaxed.  
 
 
Figure 8. ECG signal picked up with a submerged, stretched electrode and subject relaxed.  
Stretching the electrodes degrades the signal, with a reduction in amplitude and an increase in noise. This can 
be explained by the increase of both the skin-electrode and electrode inner resistance, since electrical contact 
inside the fabric is reduced by the stretching effect. The comparison between dry, wet and submerged 
electrodes can be interpreted as giving the same results previously obtained when the electrode was 
considered in a relaxed state.  
4.1.3. Type of Structure  
 
Figure 9. ECG signal picked up with a wet, stretched electrode type B, subject relaxed.  
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The use of structure B produces a very interesting result. In fact, it is possible to observe that the resulting 
waveforms present higher amplitude (Figure 7 versus Figure 9). This result encourages the design and test of 
alternative structures to promote the skin-electrode contact, particularly when the electrodes are compressed 
against the skin and stretched, as is the case.  
4.1.4. Muscular Contraction 
 
As expected, muscle contraction results in a signal containing significant noise, with the muscular activity 
masking the waveform of interest. Although heart beat rate is still well depicted, muscular activity masks off 
the Q and ST-waves, as expected. Although it may seem somewhat difficult, it may be possible to recover 
these signal features using further signal processing, since EMG signals are considered to be on a different 
frequency band than ECG.  
4.1.5. Arm Movement  
Figure 12 presents a signal in which the effect of arm movement is depicted. The software filtering tools 
were used to remove the fluctuation and motion artefacts. The filters eliminate the bands between 0 and 3 Hz 
and all above 150 Hz. After this operation the detection of the R-wave is quite straightforward, but the 
remaining waves have been masked off. Future experiments will show if the extraction of these values is 
possible on the unfiltered signal, after the detection of the exact locations of the R-wave, as illustrated in 
Figure 12.  
 
4.2.Respiratory Rate measurement  
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Before presenting the results obtained with the textile sensors, it is interesting to note that the respiration 
signal can be found on the signals obtained during ECG measurement. Figure 13  
shows an example of ECG acquisition without high-pass filtering:  
 
The presence of the respiration signal results from one or both of the two following effects: 1.  
the respiratory motion shifts the electrode-skin relative position and stretches the electrode,  
causing signal fluctuations in proportion to the movement; 2. the body‘s impedance changes  
with the expansion and contraction of the chest (the principle of respiration measurement by  
impedance plethysmography).  
Although this method may be viable in the case of subjects at rest, in the case of swimming,  
the added motion artefacts will probably turn the ECG signal too much unclear and very  
difficult to extract any useful information if the waveform is not filtered. 
The tests performed with the textile extension sensors have unfortunately not added any new  
useful information. The different samples have produced different results from each other;  
however, none of them shows a consistent, repeatable behaviour over a useful range of  
extension. Moreover, behaviour varies from cycle to cycle, after washing and fabric relaxing.  
Figure 14 shows one of the signal outputs of the measurement system during one test showing  
a particularly odd result:  
 
 
Although at first glance the result appears to be quite interesting, a further analysis unveils the fact that the 
sensor exhibits a non-monotonic behaviour during a single extension or contraction movement, that is, the 
output signal shows increase and decrease during movement in only one direction, where it should be either 
increasing or decreasing.  
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4. CONCLUSIONS  
This paper presents some results obtained from the research under development involving textile sensors 
which are intended to be used in a swimsuit. The behaviour of the proposed sensors in different conditions - 
dry and wet environments - was presented and discussed. It was also considered the effect of the electrode 
when in a relaxed state and under stress. It was observed that the resulting ECG waveform allow the 
extraction of the most important information in dry state, being quite excellent when the electrodes are wet, 
similar to having a conductive gel. The stress effect in the electrodes results in an addiction of artefacts, 
being possible to recover the most important part of the information, though. It was also observed that a 
different structure can improve the resulting ECG waveform, fact that is under further development. The 
muscle contraction together with limb movement, in this case the arm, also introduces additional artefacts 
that seem to turn very difficult the recovery of the entire waveform. However, there are parts that can be 
extracted with further processing, such as the heart beat. Regarding respiratory movement, the proposed 
sensors are able to reproduce the thoracic movement; however it seems to give a reproducible result. 
Nevertheless, further research needs to be conducted in order to better understand if these sensors can be 
improved regarding this reproducibility.  
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